ABSTRACT
THE BIOLOGY

Chemokines are important molecules in immune response
Inflammation is a local response of the immune system to protect the organism from cell damage provoked by microbial and viral pathogens, as well as by chemical and physical agents. Inflammation normally facilitates healing, although in some cases it evolves to a chronic state associated with diverse pathologies such as rheumatoid arthritis, asthma, multiple sclerosis and cancer.
Within a tissue, development of an inflammatory process requires a series of complex interactions among soluble factors and immune cells. These interactions lead to leukocyte activation and migration from the vascular system to damaged areas. Among these factors, chemokines have a critical role in this process, as they specifically chemoattract leukocyte subpopulations, thus controlling * To whom correspondence should be addressed. † Present address: Bioinformatics Research Project, Research and Development Division, Fujirebio Inc., 51, Japan. development of the inflammatory reaction. Chemokines constitute the largest cytokine family in human immunophysiology, but also participate in viral infection and cancer. Their chemoattractant activity suggests new opportunities for therapeutic intervention, since blocking the activity of some chemokines and/or their receptors might prevent excessive leukocyte recruitment to inflamed sites (Mackay, 2001) , as distinct from many current therapies, which act on cells already present in the inflamed tissue.
Chemokines transduce signals by binding to specific seventransmembrane receptors linked to G proteins, the GPCR (Rossi and Zlotnik, 2000) . It is classically accepted that chemokine receptors transduce signals to a Gi protein (Thelen, 2001) . Gαi association with several chemokine receptors has been described, and most responses to chemokines are therefore inhibited by pertussis toxin (PTx). Nonetheless, other PTx-insensitive G proteins can also bind to chemokine receptors. Chemokines also induce JAK association to the chemokine receptor; JAK activation is Gi-independent (Mellado et al., 2001a) . Blockade of JAK and Gi pathways completely abrogates chemokine responses.
The biological issue: dimerization
Regulatory networks behaviour is strongly dependent on dynamic protein-protein interactions. Within those, dimerization events are frequently involved in transducing signals between compartiments (i.e. cell surface to nucleous) generating a remarkable functional diversity. Dimerization is then a critical step in the whole interaction networks repertoire. To begin with, when proteins dimerize they are brought into proximity that may allow them to act in trans-on one another. In the case of receptors, dimerization also allows the proteins associated with them also to be proximal, allowing their activation and regulation, as reaction rates to be directly related to the distance between the interacting molecules.
Although ligands can induce dimerization by a wide variety of mechanisms, in all cases dimerization has important functional consequences. The transition between monomers and dimers can be a regulated process that is the rate-limiting step for activation. Dimerization might also enhance the specificity, serve as a cellular mechanism to control sensitivity and modulate the activity through interaction with dominant negative partners and regulatory proteins.
Protein dimerization is employed by a wide variety of cellular components, including cell surface receptors (Tyr kinase receptors, cytokine receptors, antigen receptors, etc), signalling molecules (Bcl-2 family, Smad family), transcription factors (nuclear hormone receptors, STATs, basic helix-loop-helix proteins, BZIP family) and calcium-mediated events (synaptotagmin, cadherins, etc).
The GPCR proteins dimerize
Seven-transmembrane spanning glycoprotein receptors coupled to G protein (so called GPCR) also induce functional responses through receptor dimerization. This is the case of β-adrenergic, muscarinic, GABA and chemokine receptors. The biological significance of GPCR dimerization was, however, poorly characterized and discussion was open to localize the dimerization site.
Using a variety of approaches, it is shown that as occurs in the case of cytokine responses, chemokines such as MCP-1 also stabilize the CCR2 receptor dimer. Not only is CCR2 able to dimerize but CCR5 and CXCR4 also exist as dimers that result stabilized upon stimulation with its corresponding ligands, RANTES and SDF-1a, respectively. Furthermore, Benkirane et al. (1997) have shown that CCR5 can dimerize with an intercellular expressed receptor mutant, 32CCR5, and that dimer formation is related to susceptibility to HIV-1 infection.
In some cases dimerization occurs at the amino terminus end of the GPCR, as it occurs for the calcium-sensing receptor; also use among other regions of the C-terminal end of the molecule has been described as dimerization, as is the case of GABAB receptors where dimer formation involves an interaction of coiled-coil domains within the C-terminal tails. In other cases dimerization regions are located in the transmembrane domains, for example, in the case of β-adrenergic receptor where the key residues involved in dimerization are located in the transmembrane VI. β-adrenergic receptor dimerization is blocked by a peptide which contains the GpA sequence. This sequence was implicated in an elegant series of experiments in dimer formation of GpA through transmembrane domains. The transmembrane regions are believed to form a right-handed coiled coil where no covalent helix packing interactions dominate. Based on the relative importance of specific transmembrane residues, the existence of a dimerization motif (LXXLXXLXX) was proposed. Interestingly, this dimerization motif is also implicated in chemokine receptor dimerization where it seems possible to substitute leucin residues by glycine.
Although it has been established that several cell surface receptors mediate their actions as dimers, the GPCR were generally considered to function as monomers. Several recent studies, nonetheless, show that oligomerization is a key step in GPCR activation (Angers et al., 2002; Milligan, 2001) . Chemokine receptors are no exception, as they are believed to dimerize (Mellado et al., 2001a) . Using several biochemical approaches such as cross linking, coimmunoprecipitation of different tagged receptors or dominant mutant receptors, we and others (Rodriguez-Frade et al., 2001; Mellado et al., 2001b; Blanpain et al., 2002; Babcock et al., 2003) demonstrated that chemokine receptors dimerize and that the dimer is the active receptor form. Concerns have nonetheless been raised regarding the functional relevance of this mechanism in chemokine biology, and on the role of the ligand in stabilizing or promoting dimerization.
THE COMPUTATIONAL PROBLEM
Addressing the problem: the sequence space analyses
The sequence analyses methods are intended to answer fundamental questions regarding functional features of protein sequences. Then, relevant residues showing certain properties can be analyzed in a given protein family. Traditionally, only conserved regions in optimal multiple alignments were considered as good candidates for its targeting, although often additional residues showing different conservation patterns might reveal different features relevant for the function.
The specific methods include sequence space (Casari et al., 1995) , entropy and mutational behaviour (del Sol Mesa et al., 2003) , Evolutionary Trace (Lichtarge et al., 1996) among others (Hannenhalli and Russell, 2000; Pupko et al., 2002) .
All the methods aim to detect residues showing conservation trends within subfamilies but differing between subfamilies (the so-called tree-determinant positions). The model behind these residues undergo evolutionary changes in which conservation and specificity are somehow well balanced. These methods have been extensively tested in no-redundant sets of single-chain protein families in which the binding sites are indicated by the presence of heteroatoms or other indications of functional sites (del Sol Mesa et al., 2003) . Other groups developing different but related methods have also conducted dataset testing (Mihalek et al., 2004) .
In the aforementioned studies, these methods have been shown to provide reliable sets of predictions, based only on functional importance as described in GPCR proteins (Madabushi et al., 2004) , including all the subfamilies (Lichtarge and Sowa, 2002) .
The interest of our research focused on the family of the chemokine receptors ( Fig. 1 ) with the purpose of finding differences within the family. Multiple alignments from the CGBP chemokine sequences were obtained from, the GPCRDB (http://www.gpcr.org/7tm/). Clustering of the chemokine receptors families was conducted to obtain a representative alignment containing the following groups: CCR1-9, CXCR3-5, and IL8A-B. In this step we compared different levels of redundancy (from 75 to 100%) and a 95% redundancy level was selected as a trade-off between the number of sequences and alignment bias reduction. Then these sequences were realigned with T-COFFEE for further checking of secondary structure predictions. To predict the tree-determinant residues, three methods were used to search for the best tree-determinants involved in the functional activity of the protein family. First, the level-entropy method is an automatic method searching for different levels of separation into subfamilies in agreement with the optimal number of tree-determinants involved in the function of this protein family. Ten equidistant cut-offs in phylogenetic trees are analyzed evaluating the relation between the stability of 'cut level' (a minimum bootstrapping average value of 85% was required) and the number of tree-determinants, all of course normalized by the amount of conserved regions (this was measured by using Relative Entropy calculations; see del Sol Mesa et al., 2003) . The mutational behaviour method (MB-method, hereafter) seeks tree-determinant sequence positions whose mutational behaviour is similar to the mutational behaviour of the whole family. So, distance matrices are generated for both individual positions and the whole-family alignment and further compared by calculating a correlation coefficient; the sequence space automated method (FASS-method) is a fully automatic implementation of the sequence space (Casari et al., 1995) method which assumes that strong evolutionary forces are responsible for conserving some residues in a protein family. Their conservation is believed to be originated by specific constraints imposed by the specialized binding sites, that could be substrate binding sites like the chemokine binding site in the chemokine receptor or dimerization sites between different chemokine receptors. In this method, a low multidimensional space representing the maximal alignment variation directions is established by conducting a standard principal components analysis. Each sequence can be represented as a vector point in this multi-dimensional space (the sequence space), with residue positions and residue types as the basic dimensions (the amino acid space). The dimensions so established are the best linear combination based choices for studying the evolutionary behaviour of a sequence family (Supplementary Figure 1) .
Additionally, the correlated mutations method was also used to detect important residues. The basic principle that relies on accumulation of complementary variations between sequences of interacting proteins can be distinguished from background levels of sequence variations. From our previous experience this information is useful for improving fold identification experiments when used in combination with other methods, particularly threading experiments. We have shown previously (Pazos and Valencia, 2002; Tress et al., 2005) that this information can be used to predict protein interactions. The main idea is to look for those positions that seem to have evolved in a coordinated way in different proteins. In this case a further difficulty encountered is the impossibility of distinguishing between predicted intramolecular contacts and inter-protein interactions in the case of homodimers. We considered all predicted contacts as if they were inter or intra-protein contacts, which implies a considerable increase in the amount of noise introduced.
In brief, each position in the alignment is coded by a positionspecific matrix that contains the distances between all sequence pairs at that position. Distances are defined by a scoring matrix. The association between each pair of positions is calculated using a correlated coefficient between the two matrices. Positions with >10% gaps or those that are completely conserved were not included in the calculation (Gobel et al., 1994) . For this study, we use results at average normalized correlation values >0.8.
As seen in Figure 1 , the predicted residues are shown and point to potential regions for their targeting. A priori, the regions detected are considered to have importance from a functional specificity point of view. Indeed, the extraction of those positions important for dimerization is not a trivial question, because these positions are predicted together with positions implicated in other functionally important regions (i.e. catalytic sites). The strategy followed in this case was to obtain a significant and coherent detailed subfamily division (as many subfamily groups as possible). This approach is based on the idea that homodimerization specificity signals are those trying to avoid promiscuous dimerization behaviours involving homologous sequences. So, we are not looking for the best defined subfamily division (related to functional specificity) but the classification defining the highest number of subfamilies. In this case, the selection of the most significant subfamilies in the most discriminating space (a 2D space) leads to a well-defined functional classification (Supplementary Figure 1) . However, this level does not contain dimerization related signals (manual inspection of those residues predicted at this level showed that they were related to other described functional regions; data not shown). The dimerization-focused clustering selection strategy selected the most detailed clustering process performed on a more informative five-dimensional space.
All methods are based on low time-consuming algorithms, spending <5 min for this alignmnent, in all cases. Dark blue is helix 1, light blue is helix 2, green is helix 3, green-blue is helix 4, light green is helix 5, orange is helix 6, red is helix 7. Space-filled residues are tree-determinants detected by Sequence Space (white are solvent accessible in the monomer and yellow are buried). The space-filled pink are detected by the level entropy method (grey are accessible and brown are buried). Space-filled orange are residues detected using the two methods. Residues mutated in this study are coloured magenta. (B) Downside view of the dimer. Colour scheme is as in A.
Do dimerization regions exist?
Despite the existence of this putative dimerization motif identified for the β-adrenergic receptor (GXXXLXXL) in several chemokine receptors CCR2, CCR5 and CXCR4 which strongly suggests a role for this epitope in chemokine receptors dimerization, we suspected the existence of alternative regions involved in this dimerization.
In this framework, computational analyses enabled identification of the relevant residues involved in dimerization events. Methods involved in the prediction of the interacting regions include molecular modelling of the transmembrane regions, soft docking of the protein models, identification of correlated mutations and analysis of the subfamily specific information as putative components of the specific interacting interfaces.
To construct a low-resolution model for receptor dimerization, the 3D model of the chemokine receptor CCR5 was taken from G Protein-Coupled Receptor DataBase (http://www.gpcr.org/ 7tm/models/vriend3/CKR5_HUMAN.mod) and corresponds to models based on the structure of Rhodopsin. Loop regions are intentionally excluded since there is no real framework for modelling them. All these models should be interpreted as purely topological and gross divergences from the real structure are expected.
A soft docking procedure was used to build candidate homodimer models (Fig. 2) . These methods have been demonstrated to be useful in cases of protein-protein docking since they are not entirely dependent on the details of the atomic structures, and can be used to alleviate the problems of conformational flexibility and induced fit movements often present upon protein-protein interaction. In the case of a chemokine receptor in which the only available structural information is a low-resolution model based on a very distant sequence similarity, these docking methods are the only possible alternatives since they only consider exposed surfaces and a gross description of surface shape. With all these limitations in mind the possible results should be interpreted as merely indicative. Still, these models could be very useful as a schema for the representation of sequence based information, as we propose during this study. We used the GRAMM programme to conduct docking procedures as it has been used for modeling interactions (Vakser and Jiang, 2002) . The programme implements an empirical approach that projects the 3D atomic structures of molecules on a 3D grid, using 3D discrete functions that distinguish between the surface and the interior. Then, the programme performs an exhaustive 6-dimensional search through the relative translations and rotations of the molecules in order to locate the area of the global minimum of intermolecular pseudoenergy, implying maximal contact between surface grid points and minimal interaction between inside grid points of the two different proteins. We retrieved the 1000 first docking models provided by GRAMM and scored them according to the relative orientation of the residues predicted to be important for dimerization. This scoring process was performed by using the Xd formalism as used in previous works (Pazos and Valencia, 2002; Tress et al., 2005) . The dimerization model is presented in two views (Fig. 2) showing the involved residues.
MERGING BIOLOGY AND COMPUTATION
Novel regions were identified
All the methods described above enabled us to identify a set of regions which could be important for the CCR function, and it showed to be critical for the formation of active dimers as experimentally proven later (Hernanz-Falcon et al., 2004 Lemay et al., 2005) . After detecting those pairs which exhibit high correlated coefficient in the CCR-receptor family, we mapped those residues onto the CCR5 model using the surface exposition according to the standard models to differentiate inter-and intra-protein contacts Exposed residues are considered as those that have >50 Å 2 of exposed surface in the model. Given the intrinsic low reliability of the contact prediction we prefer to analyse the results in terms of regions instead of individual pairs. This region was predicted to include a large part of transmembrane regions TM1-TM4 of CCR5. On the basis of this prediction additional information taking into account the spatial constraints, symmetries, and mapping of neighbouring residues was included to select residues.
One of the best pairs obtained was the Ile52 and Val 150 in CCR5 (Fig. 2) . Further substitutions I52V and V150A substitutions were experimentally targeted.
Experimental validation
Using fluorescence resonance energy transfer (FRET), a method that permits temporal and spatial resolution of dimerization (Gordon et al., 1998; Kenworthy, 2001) , we showed that chemokines induce changes in receptor distribution at the single-molecule level. FRET quantification by two methods, sensitized acceptor fluorescence and fluorescence lifetime imaging, indicate that receptors pre-exist as preformed homodimers in the absence of exogenous ligands (Hernanz-Falcon et al., 2004) ; this conformation is stabilized when cells are stimulated with the appropriate chemokine(s). These data concur with a model in which chemokine receptors exist in an equilibrium between conformations, and the role of the ligand may be to stabilize the active receptor conformation.
Using bioinformatic analysis of chemokine receptor amino acid sequence alignment and compensation mutations (Vakser and Jiang, 2002) , we identified residues in transmembrane regions TM1 and TM4 as critical candidates in dimerization. A low-resolution model of the CCR5 receptor TM regions, based on the GRAMM docking program, supported the role of sequences in TM1 and TM4 as the principal regions involved in homodimer formation. We then generated a CCR5 point mutant that triggered neither signalling nor function, although the surface expression and binding capacity of this mutant did not differ from that of wild-type CCR5. This CCR5 mutant is unable to acquire the same active dimerization conformation as wt CCR5, strongly suggesting that the mutated residues have a critical role in defining the active conformation of the receptor.
The current search for antibodies or chemical compounds able to neutralize chemokine effects is based mainly on the blockage of chemokine or chemokine receptor binding sites (Onuffer and Horuk, 2002) . To intervene in chemokine physiology by stabilizing an inactive chemokine receptor conformation, we designed two synthetic peptides corresponding to the CCR5 dimerization motif; we showed that they were included in the cell membrane and abrogated in vitro and in vivo chemokine-induced responses. Using FRET techniques, we also demonstrated that the peptides block the active conformation of CCR5 by stabilizing an inactive receptor conformation distinct from that adopted by wt CCR5 (Fig. 3) .
REMARKS, FUTURE AND SIGNIFICANCE
The combination between in silico methods and experimental procedures has been reported to be successful.
In the particular subject of sequence analyses, good cases have been made where experimental addressing validated the predictions. For example, these methods were applied in the search of particular specificity regions of the ras superfamily (Stenmark et al., 1994) , where sequence analyses provided a set of putative regions which were further experimentally tested by replacement-generating chimeric proteins showing functional switching. Furthermore, the same computational approach was used to determine the differential affinity for external activating factors of ras and ral proteins (Bauer et al., 1999) , and as in the previous case, exchange of predicted positions was sufficient to produce the specificity switch.
In the past few years, several low molecular weight antagonists have been reported for chemokine receptors, mostly directed against the ligand binding epitopes or those that induce structural changes in the receptor that preclude chemokine binding. In fact, most inhibitor screening programs use chemokine binding as the primary screen (Onuffer and Horuk, 2002) . Our data show that by using a set of broadly varied approaches including bioinformatic, biochemical and energy transfer technologies, we can define some residues involved in the CCR5 active conformation (Hernanz-Falcon et al., 2004) . Point mutations of these residues were able to avoid the formation of active conformations. These techniques enable us to design synthetic peptides that, by stabilizing an inactive chemokine receptor conformation, alter its function. Selective stabilization of the inactive conformation could thus regulate the on/off switch of a specific chemokine receptor. The results obtained by experimental validation of these novel predictions enabled identification of novel residues showing strong peptide specificity. The fact that CCRs-related synthetic peptides did not affect the function of other CCRs supported this evidence.
This model of studies was extended to other CCRs and the same approach was used to predict that Val64 in the TM1 and Ile163 in TM4 were the residues involved in CCR2 dimerization site that were identified.
Some aspects remain however unexplored from the experimental point of view. Of the whole list of predictions some might have additional functional features not described yet: for instance, which residues will be responsible for the specificity, and if possible, by mutating those residues could functional switches be obtained, as shown in the case of the ras superfamily (Stenmark et al., 1994) .
To summarize, using alternative sequence analyses (Fig. 1 ) in combination with structural predictions based on docking, additional positions were retrieved. From the whole set, two particular CCR5 residues were selected in the context of symmetry of putative regions (Fig. 2) and further tested experimentally (Fig. 3) . Seeking an independent validation of the model, the same approach was used in a different target, the CCR2. The results obtained in the second model confirmed the reproducibility of the theoretical approach (Hernanz-Falcon et al., 2004) .
